Introduction
The average age of thelarche (breast development) in healthy girls is 9-10 years (1, 2) . Girls who present with thelarche with or without pubarche (pubic hair development) before 8 years of age have traditionally been evaluated by clinical examination of pubertal signs, growth pattern, bone age, baseline reproductive hormones and a GnRH test (3) . Precocious puberty (PP) is most often caused by the activation of the hypothalamic-pituitary-gonadal (HPG) axis (central PP, CPP) or less often caused by gonadotropin-independent sex steroid stimulation (3, 4) , but slowly progressive and non-progressive variants of normal development are also recognized (5, 6) . Therefore, observation of the tempo of progression for 3-6 months is considered important before any treatment is started.
The gonadotropin-releasing hormone (GnRH) test is the gold standard to detect an activation of the HPG axis (3, 7, 8) . In girls aged below 8 years, a luteinizing hormone (LH) response above approximately 5 IU/L or a LH/FSH ratio above 1 are often used to discriminate between a pathological and a normal physiological LH response (7, 9, 10) . However, in girls aged below 6 years, the gonadotropin response to the GnRH test has not been investigated in healthy girls, and thus, no valid reference interval exists for this test. Such reference interval to the GnRH test in this age group is often warranted because girls with advanced breast development in this age group are frequently referred for diagnostic work-up and treatment (11, 12, 13) .
The aim of this study was to evaluate the FSH and LH response to a GnRH test in prepubertal girls aged 10 months to 6 years.
Patients and methods

Subjects
Forty-eight prepubertal and healthy girls below 6 years of age were recruited from the greater Aarhus area after advertising on the Internet (http://www.forsoegsperson. dk), bulletin boards in day care centers and at the University Hospital in Aarhus. Girls undergoing routine scintigraphy screening 4-6 months after an upper urinary tract infection, needing an intravenous access for this procedure, were also asked to participate. None of the girls presented with or had a history of breast buds, pubic or axillary hair, acne or vaginal bleeding. One girl aged 1.8 years was adopted from Ethiopia.
Study protocol
All subjects were examined on one occasion. The studies were conducted at the Department of Pediatrics, Aarhus University Hospital, and performed between 08:00 and 16:00 h in a quiet, thermoneutral indoor environment. Height, weight and pubertal stage according to Tanner (14) were recorded, and bone age was determined from an X-ray of left hand and wrist by BoneXpert software (Visiana Aps Holte, Denmark) (15) according to Greulich and Pyle (16) . Body surface area was estimated according to the Haycock formula (17) .
GnRH test procedure
After topical administration of a local anesthetic agent (Emla (lidocaine and prilocaine); AstraZeneca), an intravenous (IV) cannula was inserted into the antecubital region for blood sampling and gonadorelin injection. One blood sample was drawn for baseline measurement of serum levels of estradiol, inhibin B, anti-Mullerian hormone (AMH), sex hormone-binding globulin (SHBG), LH (LH0), FSH (FSH0) and thyroid-stimulating hormone (TSH). Subsequently, Gonadorelin (PubChem CID 638793, Sanofi-Aventis; Relefact 0.1 mg/mL, Sanofi-Aventis Hørsholm, Denmark) 0.1 mg/m 2 body surface area (max 0.1 mg) was injected as an IV bolus. After 30 min, a second blood sample was drawn for the measurement of serum levels of LH and FSH (9) .
Biochemical analyses
Blood samples were centrifuged at 1600 g for 10 min at 4°C. Serum was then transferred to tubes and stored at −80°C until analysis.
Serum LH, FSH, TSH and SHBG were determined using Cobas e601 platform (Roche Diagnostics). The intermediary coefficients of variations (CVs) were 2.3% (LH), 2.5% (FSH), 1.8-1.9% (TSH) and 2.1-2.9% (SHBG) respectively. Detection limits were 0.1 IU/L (LH), 0.1 IU/L (FSH), 0.005 IU/L (TSH) and 0.35 nmol/L (SHBG) respectively. LH, FSH, estradiol and SHBG analyses are validated through the external quality program UK NEQAS. TSH analyses are validated through the external quality program Lab Quality.
Inhibin B concentrations were determined by a twosided enzyme-linked immunosorbent assay (Inhibin B Gen II ELISA; Beckman Coulter, Brea, CA, USA). Detection limit was 3 pg/mL, intra-assay and interassay CV% were 2.2% (at 43 pg/mL) and 10.3% (at 36 pg/mL) respectively. AMH concentrations were determined by a chemiluminescent immunoassay (Access AMH, Access 2 Immunoassay System, Beckman Coulter). Detection limit was 0.14 pmol/L, intra-assay and interassay CV% were 1.8% (at 19 pmol/L) and 1.8% (at 7 pmol/L) respectively. Inhibin B and AMH assays are validated in our accredited lab (www.danak.dk). Measurements of serum estradiol were based on a liquid extraction step followed by liquid chromatography-tandem mass spectrometry (LC/MS/ MS). No derivatization reagent was used to enhance the signal. The samples were extracted on a Novum simplified extraction plate using a 50:50 heptane:ethyl acetate mixture. After evaporation of the extraction solvents, the samples were reconstituted in 200 μL of mobile phase. 50 μL was injected on Phenomenex EVO column on a Shimadzu Nexera HPLC system coupled to a Sciex 6500 QTRAP mass spectrometer using negative-mode electrospray ionization. The lower limit of quantitation (LoQ) was 15 pmol/L. The coefficient of variation was ≤7.5% and 13.8% at concentrations of 100 pmol/L and above and of 24.3 pmol/L respectively.
Statistical analyses
Serum LH, FSH, the LH/FSH ratio and SHBG were normally distributed. TSH, inhibin B and AMH were non-normally distributed. Normally distributed data are reported as mean ± 2 standard deviations (s.d.) and mean ± s.e.m. (age, bone age, height, weight, BMI and SHBG), whereas nonnormally distributed data are reported as median and 25-75% interquartile range. Correlations were tested with the Pearson product-moment correlation test and the Spearman rank order correlation test, and a P value <0.05 was considered statistically significant. Statistical analyses were performed using SigmaPlot for Windows, version 11.0 (Systat Software, Inc.).
Ethical considerations
The study was conducted in accordance with the Helsinki Declaration and the participants' parents or legal representatives gave their oral and written informed consent for their daughters to participate. The Local Ethics Committee and the Danish Medicines Agency approved the study protocol, and the protocol was registered at Clinicaltrials.gov NCT01944488 before the onset of enrolment.
Results
Forty-eight healthy normal-weight girls with a bone age in accordance with chronological age in Tanner stage I and aged 3.5 ± 0.2 years (range 10 months to 5 years and 11 months) were enrolled in this study. Heights, weights, BMI, BMI Z-scores and bone ages are shown in Table 1 . All subjects were euthyroid with TSH levels of 3.1 (2.1-4.0) IU/L. Serum levels of estradiol were below detection limit in all participants. AMH concentrations were 15.5 (7.9-22.5) pmol/L, inhibin B concentrations were 13.0 (8.0-21.5) pg/mL and serum SHBG levels were 146.7 ± 5.6 nmol/L. Inhibin B correlated inversely with age (r = −0.38, P < 0.001), whereas AMH and SHBG did not vary with age.
Baseline and stimulated LH and FSH concentrations
Baseline LH was below detection limit in all except three girls (aged 3.68, 0.80 and 2.08 years), in whom LH concentrations were 0.17, 1.68 and 0.20 IU/L respectively. Serum LH concentrations increased in all participants in response to the GnRH injection to a mean level of 3.89 ± 3.93 (range, 0.87-9.96) IU/L (Fig. 1A) . The GnRH-stimulated LH responses were 5.20 ± 3.96 and 2.88 ± 2.47 IU/L in girls 0.8-3 and 3-6 years (P < 0.001) respectively ( Fig. 2A) . The basal LH did not predict the peak LH concentration. This corresponds to upper cut-off limits of 9.2 IU/L (<3 years) and 5.3 IU/L (3-6 years) for LH. The stimulated LH response correlated inversely with age, r = −0.59 (P < 0.001). The LH responses in the different age groups are listed in Table 1 . Baseline FSH was 2.00 (range 0.59-10.93) IU/L and increased in all participants in response to the GnRH injection to a mean level of 18.34 ± 15.75 (range 6.81-40.39) IU/L (Fig. 1B) . The GnRH-stimulated FSH responses were 23.30 ± 16.17 and 14.49 ± 10.30 IU/L in girls aged 0-3 and 3-6 years respectively (Fig. 2B) . The stimulated FSH response correlated inversely with age, r = −0.53 (P < 0.001). The FSH responses in the different age groups are listed in Table 1 .
LH/FSH ratio
The gonadotropin-stimulated LH/FSH ratio was 0.23 ± 0.19 (range 0.06-0.43) in the entire cohort and did not vary with age, r = −0.08, P = 0.58 (Fig. 2C) . The LH/FSH responses of the GnRH test in the different age groups are listed in Table 1 .
Discussion
The present study is the first clinical study to investigate the physiological LH, FSH and LH/FSH response to a GnRH test in healthy normal-weight girls below 6 years of age with no history or clinical signs of precocious puberty. Our data demonstrated an age-dependent response to the GnRH test with larger LH and FSH responses in girls aged from 10 months to 3 years compared to girls aged from 3 to 6 years. The LH/FSH ratio was, however, not dependent on age and did not in any single girl of our cohort exceed 0.43. Our data demonstrated that the LH response to the GnRH test did not normally exceed 9.2 and 5.3 IU/L in girls aged 10 months to 3 years and 3-6 years respectively. These findings have important implications for diagnosis of central precocious puberty below age 6 years.
The diagnostic work-up for a girl suspected for PP includes a detailed medical history, a thorough clinical examination, laboratory assessments of systemic levels of estrogen, LH, FSH, TSH, SHBG and inhibin B, bone age measurement, ultrasonographic examination of the internal genitals, and occasionally, a brain MRI especially in girls aged less than 6 years with biochemical evidence of central PP (18), i.e. a diagnostic GnRH test, which is the gold standard to detect an activation of the HPG axis (3, 7) . The number of girls referred for precocious puberty and premature thelarche is increasing (1, 11, 19, 20) , making it more important than ever to have normal reference intervals for the different diagnostic tests. To this end, pediatric endocrinologists require a reference interval for the GnRH test for healthy girls aged below 6 years. Establishing a reference interval for the GnRH test increases the diagnostic precision of the test and is important for the clinician to initiate the appropriate treatment for CPP and monitor the treatment effect (21) . Until now it has been proposed that it is not feasible to establish a reference interval for the GnRH test (13) and only sparse data covering a large age range for the GnRH test were available for girls. The normal response to the GnRH test in healthy girls below age 6 years has largely been ignored or extrapolated from the LH response in older girls, which may have caused healthy girls to be erroneously treated for CPP. The lack of reports on the normal response to the GnRH test in girls aged below 6 years precludes us from a direct comparison and discussion of our data with existing literature. In one study, Resende et al. reported the LH and FSH responses to a GnRH test for 10 prepubescent girls aged 2.7-10.0 years; LH increased to a maximum of 3.3 (immunochemiluminometry assay, ICMA) or 4.2 (immunofluorometry assay, IFMA) IU/L and FSH to a maximum of 23.7 (ICMA) or 27.1 IU/L (IFMA) (7) . Brito et al. investigated the GnRH response in 11 prepubescent girls aged 4.0-10.0 years and recorded an increase in LH to 3.2 ± 1.9 (1.0-6.9) IU/L and in FSH to 16.0 ± 6.1 (6.7-24.5) IU/L (IFMA, Delfia) (22) . The populations of Resende et al. and Brito et al. were both South American populations. Neely included 8 North American girls in Tanner stage I comprising an older age range (aged 6.6-9.8 years) and recorded an increase in LH and FSH to 2.0 ± 1.5 and 21 ± 5.5 IU/L respectively, to a GnRH test (23) . The study by Neely et al. (23) demonstrated that the LH response to the GnRH test decreased with age (until puberty) underscoring the importance to establish a reference interval in girls below 6 years of age. The present study confirmed an inverse association between age and the gonadotropin response in girls aged below 6 years, but the mechanism linking age with the gonadotropin response remains to be investigated. Minipuberty is usually considered to affect girls up to 6 months of age (24) , but prolonged periods of minipuberty may exist (25) and could in the youngest girls be the underlying physiological condition accounting for the relationship between age and the gonadotropin response. Until now, no data existed on the physiological response to the GnRH test in girls aged below 3 years, and it remained to be examined if the relative high LH responses to GnRH tests in girls with premature thelarche in this age group (11, 13, 26) were a normal physiological or a pathological response. Now, our data reveal that girls below 3 years of age have a larger physiological LH response to the GnRH test than do older girls.
It was previously reported that the LH/FSH ratio in girls aged 2.5 ± 0.9 years with isolated breast development, and no signs of progression to CPP, was 0.29 ± 0.10, range 0.11-0.43 (26) , which complies entirely with our data. In a Korean study comprising girls with CPP, a 30-min stimulated LH/FSH ratio >0.5 had a diagnostic sensitivity of 76.6% and a specificity of 97.4% for central puberty, but ratios as low as 0.23 (10) were also recorded. The study by Kim et al. (10) was not designed to investigate the LH/FSH ratio cut-off for healthy girls, but, rather, it reported the LH/FSH ratio in girls with established CPP. The reported LH/FSH ratio in the study by Kim et al. (10) emphasizes, however, that a cut-off LH/FSH ratio of 0.43 as suggested by our study, does not rule out CPP. As such, the criteria for diagnosing CPP remain to be based on clinical signs, biochemistry, imaging and different diagnostic tests. We also suggest that the biochemical assays for LH and FSH should be based on the same analytical principle, as data from ICMAs and IFMAs differ slightly (7) . A LH response to the GnRH test should not trigger treatment for CPP if no other clinical indicators of CPP are present in girls aged below 3 years (13).
It has previously been suggested that basal LH concentrations >0.1 IU/L (26) or >0.3 IU/L (27) are diagnostic for CPP. Three girls in our study showed increased basal LH concentrations, demonstrating that the predictive value of random LH levels is particularly problematic in girls <3 years of age, and this underscores that the GnRH test is, among other criteria, indispensable to confirm CPP. The reason why three girls in our study presented with elevated basal LH could in one case be explained by sustained minipuberty (age 0.80 years), but is of unknown origin in the remaining two cases, where minipuberty cannot explain the elevated LH levels. It is, however, not uncommon to detect high basal LH levels in children younger than ages 2-3 years (3). Follow-up of these girls with elevated basal LH revealed that none of them had progressed to precocious puberty.
The strength of our study is that it was designed with the primary aim to investigate the LH and FSH response to the GnRH test in healthy girls below 6 years of age. It is, however, difficult to recruit a large number of healthy volunteering girls in this age range, and although we succeeded to include 48 participants, it is a limitation to the statistical interpretation of our data, that we did not include a much larger cohort. Moreover, the prepubescent response to the GnRH test is sex specific (23, 28) , which precludes our data to be extrapolated and used as a reference range for boys suspected for precocious puberty. Whether the LH and FSH response to the GnRH test also depends on ethnicity remains to be investigated.
Conclusion
In conclusion, this study provides important data on the normal FSH and LH response to a GnRH test in young prepubertal girls and demonstrates that the stimulated LH/FSH ratio does not exceed 0.43 in healthy girls below age 6 years.
